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 ,QWURGXFWLRQ
*HDUVDQGEHDULQJVDUHWKH LPSRUWDQWFULWLFDOPHFKDQLFDOFRPSRQHQWVZKLFKKDYHIRXQGLPPHQVHDSSOLFDWLRQVLQ
WKH JHDUER[HV RI DOO DXWRPRELOHV DLUFUDIWV WXUELQHV HWF 7KH IDLOXUH RI HLWKHU RI WKHVH FRPSRQHQWV GXH WR IDXOWV
LQGXFHGE\LPSURSHU PDLQWHQDQFH OHDGV WRWKHIDLOXUHRIWKHHQWLUHV\VWHPDQGVRPHWLPHVHYHQKDUPWRRSHUDWRU¶V
OLIH *KDUDYLDQHWDO  &KHQJHWDO DQG5DILHHHW DO 7KHUHIRUHHIIHFWLYHPDLQWHQDQFH RIJHDUV
DQGEHDULQJV LV HVVHQWLDO WR DYRLG IDLOXUHRI HQWLUH V\VWHP2I DOO WKH DYDLODEOHPDLQWHQDQFH WHFKQLTXHV FRQGLWLRQ
EDVHGPDLQWHQDQFHKDV EHHQ IRXQG WREH HFRQRPLFDODQGLQZKLFKYLEUDWLRQEDVHGFRQGLWLRQPRQLWRULQJKDVSURYHG
WREHYHU\HIIHFWLYHLQLQGXVWULHVIRUIDXOW GHWHFWLRQ GLDJQRVLV DQGSURJQRVLV RIPHFKDQLFDOFRPSRQHQWV *KDUDYLDQ
HW DO DQG 5DILHHHW DO 7KHUHIRUH LQWKLVSDSHU YLEUDWLRQVLJQDOV KDYHEHHQ XVHGIRUWKHIDXOWGLDJQRVLV
RIJHDUDQGEHDULQJ
7KHDXWRPDWLRQRI IDXOWGLDJQRVLVLVDVLJQLILFDQW VWDJH LQLQGXVWULHVFRPPRQO\LPSOHPHQWHGWRUHGXFHWKHFRVWRI
SURGXFWLRQ LPSURYHTXDOLW\FRQWURO DFKLHYHHIIHFWLYHPDLQWHQDQFHDQGDYRLG WKHQHHG IRU VNLOOHG ODERU(IIHFWLYH
DXWRPDWLRQ RI IDXOW GLDJQRVLV LV DFKLHYHG E\ WKH GHYHORSPHQW RI HIILFLHQW IHDWXUH H[WUDFWLRQ WHFKQLTXHV
*KDUHKERODJKHWDO DQG)DURNK]DGHWDO  $FFRUGLQJWR /LHWDO IHDWXUHH[WUDFWLRQLVGHILQHG
DVDPDSSLQJSURFHVVIURPWKHPHDVXUHGVLJQDOVSDFHWRWKHIHDWXUHVSDFH ZKLFKKDVYDOXDEOHLQIRUPDWLRQDERXWWKH
FRQGLWLRQRIWKHPDFKLQH
$VSUHVHQWHGE\ *KDUDYLDQHWDO&DLHWDODQG<DQJHWDO WKHIHDWXUHVH[WUDFWHGIURPWKH
GHQRLVHGVLJQDOV KDYHULFKLQIRUPDWLRQDERXWWKHFRQGLWLRQRIWKHPDFKLQHZKHQFRPSDUHGWRWKHIHDWXUHVH[WUDFWHG
IURPWKHUDZYLEUDWLRQVLJQDOVDVQRLVHZLOOPDVNWKHLPSRUWDQWIHDWXUHVFRQWDLQLQJLQIRUPDWLRQDERXWWKHFRQGLWLRQ
RI PDFKLQH$FFRUGLQJ WR (UJHQ  RI DOO DYDLODEOH GHQRLVLQJ WHFKQLTXHV ZDYHOHW EDVHG GHQRLVLQJ KDV EHHQ
IRXQG WREH YHU\HIIHFWLYH LQ UHPRYLQJHYHQVPDOOQRLVHV 7KHUHIRUHLQWKLVSDSHUZDYHOHWEDVHGGHQRLVLQJWHFKQLTXH
LVXVHGIRUWKHGHQRLVLQJRIUDZYLEUDWLRQVLJQDOEHIRUHH[WUDFWLQJ WKH PXOWLVFDOHVORSHIHDWXUHV
,Q WKLV SDSHU IRU IDXOW GLDJQRVLV RI JHDU DQGEHDULQJ LQGLYLGXDOO\WKH IHDWXUHV DUH H[WUDFWHGE\XVLQJ DZDYHOHW
EDVHGPXOWLVFDOH VORSH IHDWXUH H[WUDFWLRQ WHFKQLTXH LQWURGXFHG E\ /L HW DO  E\ XVLQJ ERWK WKH':7DQG
:37 7KH REWDLQHG IHDWXUHV IURP ':7 DQG:37KDV EHHQ XVHG IRU GUDZLQJ WKH VFDWWHU SORW IRU GLIIHUHQWLDWLQJ
EHWZHHQ GLIIHUHQW FRQGLWLRQV RI JHDU DQG EHDULQJ LQGLYLGXDOO\ )XUWKHU WKHVH IHDWXUHV KDYH EHHQ XVHG IRU
GLIIHUHQWLDWLQJGLIIHUHQW IDXOW FRQGLWLRQVRIJHDUDQGEHDULQJZKHQ WKHH[SHULPHQWDOGDWDREWDLQHGIURPERWKKDYH
EHHQ PL[HGIRUHYDOXDWLRQ7KLVUHVXOWV LQ K\EULG IDXOWGLDJQRVLV$OVR LWKDVEHHQIRXQGWKDW:37KDVEHHQYHU\
HIIHFWLYHLQIDXOWGLDJQRVLV RIJHDUEHDULQJDQGLQK\EULG IDXOWGLDJQRVLVRIJHDUDQGEHDULQJ 7KH SDSHULV RUJDQL]HG
DV IROORZV 6HFWLRQ  SUHVHQWV WKH LQWURGXFWLRQ VHFWLRQ  SUHVHQWV PXOWLVFDOH VORSH IHDWXUH H[WUDFWLRQ WHFKQLTXH
VHFWLRQ GHVFULEHVWKHH[SHULPHQWDOGDWDRIJHDUDQGEHDULQJ VHFWLRQSUHVHQWV ZDYHOHWGHQRLVLQJWHFKQLTXH VHFWLRQ
 SUHVHQWV WKH PXOWLVFDOH VORSH IHDWXUH H[WUDFWLRQ IRU IDXOW GLDJQRVLV RI JHDU DQG EHDULQJ XVLQJ ':7 ZKLFK LV
IROORZHGE\:37 LQVHFWLRQ6HFWLRQ GLVFXVVHVLWVDSSOLFDWLRQWRK\EULG IDXOWGLDJQRVLV DQGILQDOO\ VHFWLRQ JLYHV
WKHFRQFOXVLRQ
 0XOWLVFDOH VORSH IHDWXUHH[WUDFWLRQ
0XOWLVFDOH VORSH IHDWXUHH[WUDFWLRQWHFKQLTXHLV D ZDYHOHWEDVHGWHFKQLTXH ZKLFKFDQFKDUDFWHUL]HGLIIHUHQWIDXOW
FRQGLWLRQV RI JHDU DQG EHDULQJ (LWKHU ':7 RU:37 FDQ EH XVHG WR REWDLQ WKH PXOWLVFDOH VORSH IHDWXUHV IURP
GHQRLVHGYLEUDWLRQVLJQDOVRIJHDUDQGEHDULQJV7KH GHWDLO FRHIILFLHQWVREWDLQHGE\GHFRPSRVLWLRQRIWKHGHQRLVHG
YLEUDWLRQ VLJQDOV FRQWDLQ LPSRUWDQW LQIRUPDWLRQ LQ WKH IRUP RI HQHUJ\ DERXW WKH FRQGLWLRQ RI JHDU DQG EHDULQJ
$FFRUGLQJWR /LHWDO DVWKHFRQGLWLRQRIWKHJHDUDQGEHDULQJFKDQJHVWKHUHZLOOEHFKDQJHLQWKH HQHUJ\RI
WKHGHWDLO FRHIILFLHQWVREWDLQHGE\GHFRPSRVLWLRQXVLQJHLWKHU':7RU:376R WKLVEHKDYLRURI GHWDLO FRHIILFLHQWVLV
XVHGIRUFKDUDFWHUL]LQJGLIIHUHQWFRQGLWLRQVRIJHDUDQGEHDULQJ
 3ULQFLSOH DQGPHWKRGRORJ\
7KHSULQFLSOHRIPXOWLVFDOHVORSHIHDWXUHH[WUDFWLRQWHFKQLTXHLVEDVHGRQWKHEHKDYLRURIWKHSRZHUVSHFWUXPRI
WKHYLEUDWLRQVLJQDOV7KH W\SLFDO IUHTXHQF\EHKDYLRU LQ WKHSRZHU VSHFWUXP LVEHFDXVHRI UHVRQDQW IUHTXHQF\DQG
GHIHFW IUHTXHQF\ $QG VXFK D W\SLFDO EHKDYLRU RI WKH SRZHU VSHFWUXP LV REWDLQHG RQO\ IRU WKH GHIHFW LQGXFHG
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YLEUDWLRQ VLJQDOV 7KH W\SLFDO SRZHU VSHFWUD RI YLEUDWLRQ VLJQDOV FDQ EH GLYLGHG LQWR WZR SDUWV ZKLFK VDWLVI\ WKH
SURFHVV RI IZKRVH HPSLULFDO SRZHU VSHFWUD DUH RI WKH IRUP VKRZQ LQ HTXDWLRQ  JLYHQ E\ /L HW DO 
.HVKQHU  GHILQHG I SURFHVV DV WKH SRZHU RU WKH VTXDUH RI VRPH YDULDEOH DVVRFLDWHG ZLWK WKH UDQGRP
SURFHVVPHDVXUHGLQDQDUURZEDQGZLGWKLVURXJKO\SURSRUWLRQDOWRUHFLSURFDOIUHTXHQF\
̱ ȋͳȌ
ZKHUHȦ LV WKH IUHTXHQF\ LV WKHYDULDQFHRI WKHRULJLQDO VLJQDO ȕ LV WKH VORSH RI WKHGLYLGHGSRZHU VSHFWUD DW
GLIIHUHQW IUHTXHQFLHV 7KH ORJDULWKP RI WKH GLYLGHG SRZHU VSHFWUD JLYHV WKH OLQHDULW\ WR WKH WZR GLYLGHG SDUWV RI
SRZHUVSHFWUDIURPZKLFKWKHVORSHȕIRUHDFKSDUWFDQEHREWDLQHGE\OLQHILWWLQJXVLQJOHDVWVTXDUHPHWKRG/60
7KHPHWKRGRORJ\IRUWKHPXOWLVFDOHVORSHIHDWXUHH[WUDFWLRQLVDVIROORZV JLYHQE\ /LHWDO 
x 7KHGHQRLVHGVLJQDOLVGHFRPSRVHGXVLQJ':7RU:37DQGWKHGHWDLOFRHIILFLHQWVDUHH[WUDFWHGIURP DOOVFDOHV
x 7KHYDULDQFHRIWKHGHWDLOFRHIILFLHQWVLVFDOFXODWHGIRUDOOVFDOHV
x 7KHORJDULWKPRIYDULDQFHLVFDOFXODWHGIRUDOOVFDOHV
x 7KH FXUYHLVREWDLQHGE\WKH SORWRIORJDULWKPRIYDULDQFHV YHUVXVVFDOHVDQGWKHPD[LPXPSRLQWRI FXUYHLVWKH
WXUQLQJSRLQW
x 7KHFXUYHLVGLYLGHGLQWRWZRSDUWV E\WKHWXUQLQJSRLQWDQGWKHVORSHVRIWKHWZR SDUWV LVREWDLQHG
x 7KHVHWZRVORSHV DQG RIWKHWZR GLYLGHG FXUYHVDUHWKHPXOWLVFDOHVORSHIHDWXUHVZKLFKFDQEHXVHGIRUWKH
IDXOWGLDJQRVLVRIJHDUDQGEHDULQJ
 'LVFUHWHZDYHOHWWUDQVIRUP
0DWKHPDWLFDOO\WKHZDYHOHWWUDQVIRUP:7LVGHILQHGDVWKHLQWHJUDORIWKHUDZVLJQDO PXOWLSOLHGE\
VFDOHGVKLIWHGYHUVLRQVRIDEDVLFZDYHOHWIXQFWLRQ 
ǡ α
ͳ
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ZKHUH D LV VFDOLQJ SDUDPHWHU E LV WLPH ORFDOL]DWLRQ SDUDPHWHU ߰LVDQ DQDO\VLQJ ZDYHOHW DQG כ LV FRPSOH[
FRQMXJDWHRI ߰
,I D DQG E YDU\ FRQWLQXRXVO\ WKH:7 LV FDOOHG FRQWLQXRXV:7 &:7 7KH':7 LV GHULYHG IURP WKH
GLVFUHWL]DWLRQ RIWKH&:7WRDYRLGLQWUDFWDEOHFRPSXWDWLRQVZKHQRSHUDWLQJDWHYHU\VFDOHRIWKH&:77KH':7LV
PRUHHIILFLHQWWKDQDQGMXVWDVDFFXUDWHDVWKH&:7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 DQG )HQJHWDO 
,QWKH':7WKHVFDOLQJSDUDPHWHUDDQGWKHWLPHORFDOL]DWLRQSDUDPHWHUEDUHGHILQHGDV 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DQG
)HQJHWDO
α ʹ ǡ Ԗ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ZKHUH α Ͳǡ ά ͳǡ ά ʹǡǥǥǥ Ǥ 7KHDERYHGLVFUHWL]DWLRQRI WKHVFDOLQJDQGWLPHSDUDPHWHUVOHDGVWRWKH':7DV
 ǡ α ʹ Τ כ ʹ Ϋ ȋͷȌ
7KURXJKWKHGLVFUHWL]DWLRQWKHFRQWLQXRXVZDYHOHWIXQFWLRQEHFRPHVWKHGLVFUHWHZDYHOHWIXQFWLRQDQGWKH
VFDOLQJIXQFWLRQDVJLYHQEHORZ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7KHQE\WKH':7WKHZDYHOHWFRHIILFLHQWV RIDVLJQDO FDQEHGHILQHGE\WKHIROORZLQJHTXDWLRQV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&RQVHTXHQWO\ WKH VLJQDO FDQ EH GHFRPSRVHG LQWR D KLHUDUFKLFDO VWUXFWXUH ZLWK ZDYHOHW GHWDLOV DQG
DSSUR[LPDWLRQVDWYDULRXVVFDOHV(UJHQ DQG)HQJHWDO
 :DYHOHWSDFNHWWUDQVIRUP
:DYHOHWSDFNHWVDJHQHUDOL]DWLRQRIZDYHOHWEDVHVDUHDOWHUQDWLYHEDVHV WKDWDUH IRUPHGE\ WDNLQJ OLQHDU
FRPELQDWLRQVRIWKHXVXDOZDYHOHW IXQFWLRQV (UJHQ DQG)HQJHWDO7KHEDVHVLQKHULWWKHSURSHUWLHV
VXFK DV RUWKRQRUPDOLW\ DQG WLPH IUHTXHQF\ ORFDOL]DWLRQ IURP WKHLU FRUUHVSRQGLQJ ZDYHOHW IXQFWLRQV $ ZDYHOHW
SDFNHWIXQFWLRQLVDIXQFWLRQZLWKWKUHHLQGLFHV ǡ Ǥ $V ZLWKXVXDOZDYHOHWVLQWHJHUVMDQGNDUHLQGH[VFDOH
DQGWUDQVODWLRQRSHUDWLRQVUHVSHFWLYHO\(UJHQDQG)HQJHWDO
ǡ α  ʹ Ȁ ʹ Ϋ ȋͳͲȌ
7KH LQGH[ Q    «« LV FDOOHG WKH PRGXODWLRQ SDUDPHWHU RU WKH RVFLOODWLRQ SDUDPHWHU 7KH ILUVW WZR
ZDYHOHWSDFNHWIXQFWLRQVDUHWKHVFDOLQJIXQFWLRQDQGPRWKHUZDYHOHWIXQFWLRQUHVSHFWLYHO\ )HQJHWDO 
ǡ ǡ α ȋͳͳȌ
ǡ ǡ α ȋͳʹȌ
:DYHOHWSDFNHWIXQFWLRQVIRUQ « DUHWKHQGHILQHGE\WKHIROORZLQJUHFXUVLYHUHODWLRQVKLSV(UJHQDQG
)HQJHWDO
ǡ α ξʹ   ǡ ȋ Ȍ  ȋͳ͵Ȍ
ǡ α ξʹ ǡ ȋʹ Ϋ Ȍ ȋͳͶȌ
ZKHUH  DQG DUH WKH TXDGUDWXUH PLUURU ILOWHUV 40)V DVVRFLDWHG ZLWK SUHGHILQHG VFDOLQJ IXQFWLRQ DQG
PRWKHU ZDYHOHW IXQFWLRQ 7RPHDVXUH D VSHFLILF WLPHIUHTXHQF\ LQIRUPDWLRQ LQ D VLJQDO WKH LQQHU SURGXFW RI WKH
VLJQDOZLWKWKDWSDUWLFXODUEDVLVIXQFWLRQLVWDNHQ7KHZDYHOHWSDFNHWFRHIILFLHQWVRIDIXQFWLRQ I FDQEHFRPSXWHG
YLD(UJHQ DQG)HQJHWDO 
ǡ ǡ α ۃ ǡ ǡ ۄ α ǡ ȋ Ȍ ȋͳͷȌ
&RPSXWLQJ WKH IXOO ZDYHOHW SDFNHW GHFRPSRVLWLRQ RI D GLVFUHWH WLPH VLJQDO DQG REWDLQLQJ WKH ZDYHOHW
SDFNHW FRHIILFLHQWV ǡ ǡ LQYROYHV DSSO\LQJ ERWK ILOWHUV WR WKH GLVFUHWH WLPH VLJQDO > ǡ ǡ ǥǥǥǥ Ǥ ǡ Ȑ DQG WKHQ
UHFXUVLYHO\WRHDFKLQWHUPHGLDWHVLJQDO (UJHQ DQG)HQJHWDO
 ([SHULPHQWDOGDWD
,QWKLVSDSHU WKHJHDUYLEUDWLRQGDWDSURYLGHGE\WKH3+0VRFLHW\ KWWSZZZSKPVRFLHW\RUJFRPSHWLWLRQ
KDVEHHQXVHG $QGWKHEHDULQJYLEUDWLRQGDWD KDVEHHQ REWDLQHG XVLQJ WKH FXVWRPL]HG EHDULQJWHVW ULJZKRVHGHWDLOV
DUHJLYHQ LQWKH IROORZLQJVHFWLRQ
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)LJD 3KRWRJUDSK RIJHDUWHVWULJE3KRWRJUDSKRIWKHEHDULQJWHVWULJ
 *HDUIDXOWGDWD
)LJ D VKRZV WKH SKRWRJUDSK RI WKH JHDU WHVW ULJ XVHG IRU YLEUDWLRQ GDWD DFTXLVLWLRQ E\ WKH 3+0 VRFLHW\
ZHEVLWH 7KHJHDUER[ZDVWHVWHGXQGHUGLIIHUHQWVSHHGV GLIIHUHQWORDGVDQGXVLQJ WZRJHDUW\SHV QDPHO\VSXU
DQGVSXU DVJRRGDQGGHIHFWLYHJHDUVUHVSHFWLYHO\(QGHYFR0DFFHOHURPHWHUVZHUHPRXQWHGRQLQSXWDQG
RXWSXWVKDIW WRDFTXLUHYLEUDWLRQVLJQDOV
'DWDZHUHFROOHFWHGDW+]+]+]DQG+]VKDIWVSHHGVXQGHUORZ DQG KLJK ORDGLQJ 7KHVDPSOLQJ
IUHTXHQF\ LVN+] 'DWDKDVEHHQSURYLGHGLQPDWDQG FVYILOHVZLWKWKUHHFROXPQV ± WKHILUVWFROXPQEHLQJ
LQSXWYROWDJHVHFRQGEHLQJRXWSXWYROWDJHDQG WKH WKLUGEHLQJ WDFKRPHWHU UHDGLQJV7KHVHFRQGFROXPQKDVEHHQ
VHOHFWHG IRU YLEUDWLRQ VLJQDO DQDO\VLV IRU PRQLWRULQJ WKH FRQGLWLRQ RI JHDU IRU DOO VSHHGV 7KH VHFRQG FROXPQ
FRQVLVWHG RI  GDWD VDPSOHV ZKLFK ZDV UHVKDSHG WR  GDWD VDPSOHV 7KH  GDWD VDPSOHV ZHUH
GLYLGHGLQWRELQVHDFKFRQWDLQLQJGDWDVDPSOHV
 %HDULQJIDXOWGDWD
)LJ E VKRZV WKH SKRWRJUDSK RI WKH FXVWRPL]HG EHDULQJ WHVW ULJ XVHG IRU YLEUDWLRQGDWD DFTXLVLWLRQ $
EHDULQJZDV XVHGDVWHVWEHDULQJZKLFKZDVPRXQWHGDWRQH HQG RIWKHVKDIWZKLFK ZDV VXEMHFWHGWR DUDGLDO ORDG
XVLQJK\GUDXOLFORDGLQJDUUDQJHPHQW 7KHEHDULQJZDVWHVWHGXQGHU PD[LPXP VSHHG DQG PD[LPXPORDG FRQGLWLRQV
7KHUHZHUH IRXUEHDULQJ FRQGLWLRQV QDPHO\QRUPDOEHDULQJ 1EHDULQJZLWK LQQHU UDFHGHIHFW ,5 EHDULQJZLWK
RXWHU UDFH GHIHFW 25 DQG EHDULQJ ZLWK EDOO GHIHFW % $FFHOHURPHWHUV ZHUH PRXQWHG RQ KRXVLQJ RI WKH WHVW
EHDULQJ 7KHYLEUDWLRQGDWDZDVFROOHFWHGDWDVDPSOLQJIUHTXHQF\ RI N+] XVLQJWKH/$%9,(:SURJUDP
'DWDZHUHFROOHFWHGDW +]VKDIWVSHHGXQGHU DUDGLDO ORDG RIN1'DWDZDVREWDLQHG LQW[W ILOHVZLWK WZR
FROXPQV±RQH FROXPQ EHLQJ WKH KRUL]RQWDO YLEUDWLRQ GDWD DQG WKH RWKHU EHLQJ WKH YHUWLFDO YLEUDWLRQ GDWD 7KH
YHUWLFDOYLEUDWLRQGDWD KDVEHHQVHOHFWHGIRUYLEUDWLRQVLJQDODQDO\VLV ZKLFKZDVIRXQGWREHYHU\VHQVLWLYHWREHDULQJ
FRQGLWLRQ7KHVLJQDOFRQVLVWHGRI GDWDVDPSOHVZKLFKZHUHGLYLGHGLQWR  ELQVHDFKFRQWDLQLQJGDWD
VDPSOHV7DEOHJLYHVWKHGHVFULSWLRQRIIDXOWVWDWHVLQERWKJHDUDQGEHDULQJ
7DEOH  'HVFULSWLRQRIIDXOWVWDWHV
)DXOW6WDWHV )DXOW'HVFULSWLRQ /RDG 6SHHG+]
 1RUPDOJHDU +LJKDQGORZ DQG
 1RUPDO EHDULQJ1 +LJK 
 'HIHFWLYHJHDU +LJKDQGORZ DQG
 %HDULQJZLWKLQQHUUDFHGHIHFW,5 +LJK 
 %HDULQJZLWKRXWHUUDFHGHIHFW25 +LJK 
 %HDULQJZLWKEDOOGHIHFW% +LJK 
 1RUPDOJHDU'HIHFWLYHJHDU1,525 DQG% +\EULG +LJK  DQG
D E
1655 B. Vishwash et al. /  Procedia Materials Science  5 ( 2014 )  1650 – 1659 
 :DYHOHWEDVHGGHQRLVLQJ
$V IHDWXUH H[WUDFWLRQ IURP GHQRLVHG VLJQDOV JLYHV EHVW IDXOW GLDJQRVLV UHVXOWV LQ WKLV SDSHU ZDYHOHW EDVHG
GHQRLVLQJ WHFKQLTXH KDV EHHQ XVHG IRU GHQRLVLQJ WKH YLEUDWLRQ VLJQDOV IURP ERWK JHDU DQG EHDULQJ 7KH ZDYHOHW
EDVHGGHQRLVLQJWHFKQLTXHFRQVLVWVRI(UJHQ GHFRPSRVLWLRQRIWKHUDZVLJQDOE\FKRRVLQJDPRWKHUZDYHOHW
DQGFKRRVLQJD OHYHORIGHFRPSRVLWLRQ WKUHVKROGLQJ RIGHWDLOFRHIILFLHQWV IRUHDFK OHYHODQGUHFRQVWUXFWLRQRI WKH
GHFRPSRVHGVLJQDOEDVHGRQRULJLQDODSSUR[LPDWHFRHIILFLHQWVDQGPRGLILHGGHWDLOFRHIILFLHQWV
'DXEHFKLHVZDYHOHWRIRUGHUKDVEHHQXVHG DVDPRWKHUZDYHOHW IRU JHDU 7KHVLJQDOVKDYHEHHQ GHFRPSRVHGWR
 OHYHOV XVLQJ XQLYHUVDO WKUHVKROGLQJ UXOH ZLWK PXOWLSOLFDWLYH WKUHVKROG UHVFDOLQJ GRQH XVLQJ OHYHOGHSHQGHQW
HVWLPDWLRQIRUJHDU$KPHGHWDO  7KHGHQRLVLQJRIEHDULQJ UDZ YLEUDWLRQVLJQDOVLVGRQHXVLQJ DNXUWRVLV
EDVHGK\EULG WKUHVKROGLQJ UXOH .K\EULG GLYLGHV WKHZDYHOHW WUDQVIRUPHG LQSXW VLJQDOV LQWR IRXU]RQHVDVVRFLDWHG
ZLWK GLIIHUHQW GHQRLVLQJ DFWLRQV 7KH WKUHVKROG XVHG LQ WKH K\EULG WKUHVKROGLQJ PHWKRG LV GHWHUPLQHG EDVHG RQ
NXUWRVLV ZKLFK JLYHV LQGLFDWLRQ RI VLJQDO WRQRLVH UDWLR 615 RI D VLJQDO +RQJ DQG /LDQJ  $OO WKH UDZ
YLEUDWLRQ VLJQDOV DW GLIIHUHQW VSHHGV ORDGV DQG FRQGLWLRQV RI JHDU DQG EHDULQJ KDYH EHHQ GHQRLVHG XVLQJ WKH
FRUUHVSRQGLQJ GHQRLVLQJ WHFKQLTXHV 7KH GHQRLVHG VLJQDOV RI JHDU DQG EHDULQJ KDYH EHHQ XVHG IRU H[WUDFWLRQ RI
PXOWLVFDOHVORSHV
 )HDWXUHH[WUDFWLRQXVLQJ':7
7KHGHQRLVHGVLJQDOVIURPDOOELQVDWDOOVSHHGVORDGVDQGFRQGLWLRQV RI JHDUDQGEHDULQJ KDYHEHHQ XVHGIRUWKH
PXOWLVFDOHVORSHIHDWXUHH[WUDFWLRQXVLQJ':7DV GLVFXVVHG EHORZ
 *HDUIDXOWFODVVLILFDWLRQ
7KH GHQRLVHG YLEUDWLRQ VLJQDOV IURP JHDU KDYH EHHQ GHFRPSRVHG IRU H[WUDFWLQJ GHWDLOFRHIILFLHQWV )RU
GHFRPSRVLWLRQWKH'DXEHFKLHVZDYHOHWRIRUGHU EDVHGRQWKHUHVXOWVSUHVHQWHGE\ $KPHGHWDO  KDVEHHQ
VHOHFWHG E\FRPSDULQJGLIIHUHQWPRWKHUZDYHOHWV 7KH OHYHO IRUGHFRPSRVLWLRQ KDVEHHQ VHOHFWHGDVE\ WULDODQG
HUURUWRREWDLQEHVWUHVXOWV 7KH GHWDLO FRHIILFLHQWVIURP WKH GHFRPSRVHGVLJQDODWGLIIHUHQWOHYHOV KDYHEHHQ XVHGIRU
H[WUDFWLQJPHDQLQJIXO IHDWXUHV 7KH YDULDQFHRIWKHGHWDLOFRHIILFLHQWVRI':7KDVEHHQ FDOFXODWHGDQGORJDULWKPRI
WKH GHWDLO FRHIILFLHQWV KDV EHHQ FDOFXODWHG WKHQ SORW RI WKH ORJDULWKP RI YDULDQFH YHUVXV VFDOH LV REWDLQHG IRU
VHOHFWLQJWKH WXUQLQJSRLQWDVVKRZQLQ)LJDIRU VSXUDW+]VSHHGDQGKLJKORDG LQZKLFKWKHWXUQLQJSRLQWLV
DWVFDOHVHYHQ7KHFXUYHREWDLQHG IURPWKHSORW LVGLYLGHG LQWR WZRSDUWVXVLQJ WKH WXUQLQJSRLQW DQG WKHVORSHVRI
WKHVHWZR GLYLGHGFXUYHV KDYHEHHQFDOFXODWHGZKLFK DFWDVWKHUHTXLUHGWZRPXOWLVFDOHVORSHIHDWXUHV6LPLODUO\IRU
VSXU  DQG VSXU  DW DOO VSHHGV DQG ORDGV WZR PXOWLVFDOH VORSH IHDWXUHV KDYH EHHQ REWDLQHG 7KHVH H[WUDFWHG
PXOWLVFDOH VORSH IHDWXUHV KDYH EHHQ XVHG WR REWDLQ WKH VFDWWHU SORWVIRUGLIIHUHQW VSHHGV DQG ORDGV WR GLIIHUHQWLDWH
EHWZHHQ WKHJRRGDQGGHIHFWLYHJHDUDVVKRZQLQ )LJ DDQGEIRUORZDQGKLJKORDGVUHVSHFWLYHO\
 %HDULQJIDXOWFODVVLILFDWLRQ
,QWKLVFDVH WKHPRWKHUZDYHOHWVHOHFWHGLV'DXEHFKLHVZDYHOHWRIRUGHU ZKLFKJLYHVEHVWUHVXOWVDFFRUGLQJWRWKH
ZRUN RI .XPDU HW DO  ZKR FRPSDUHG GLIIHUHQW PRWKHU ZDYHOHWV 7KH OHYHO IRU GHFRPSRVLWLRQ KDV EHHQ
VHOHFWHGDVE\ WULDODQGHUURUWRREWDLQEHVWUHVXOWV7KHORJDULWKPRIYDULDQFHYHUVXVVFDOHREWDLQHG LVVKRZQLQ
)LJE LQZKLFK WKH WXUQLQJSRLQW LVDW VFDOH VHYHQ $VGHVFULEHGSUHYLRXVO\ PXOWLVFDOHVORSHIHDWXUHV KDYHEHHQ
XVHGWRREWDLQWKH VFDWWHUSORW IRUPD[LPXPVSHHGDQGORDG DVVKRZQLQ)LJ D
 )HDWXUHH[WUDFWLRQXVLQJ:37
)RU FRPSDULVRQ FRUUHVSRQGLQJ WR GLIIHUHQW VSHHGV ORDGV DQG FRQGLWLRQV RI JHDU DQG EHDULQJ PXOWLVFDOH VORSH
IHDWXUH KDYH EHHQH[WUDFWHG XVLQJ:37DVGHVFULEHGEHORZ
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 *HDUIDXOWFODVVLILFDWLRQ
7KH'DXEHFKLHVZDYHOHWRIRUGHUKDVEHHQXVHGDV WKHPRWKHUZDYHOHWZLWK WKH OHYHORIGHFRPSRVLWLRQDV
7KHORJDULWKP RIYDULDQFHYHUVXVVFDOH REWDLQHG LVVKRZQLQ)LJ DLQZKLFKWKHWXUQLQJSRLQWLVDWVFDOHIRXU7KH
H[WUDFWHGPXOWLVFDOHVORSHIHDWXUHVKDYH EHHQ XVHGWRREWDLQWKHVFDWWHUSORWVDVVKRZQLQ)LJ DDQGEIRUORZ
DQGKLJKORDGV UHVSHFWLYHO\
 %HDULQJIDXOWFODVVLILFDWLRQ
)RUFRPSDULVRQ :37 KDVEHHQFDUULHGRXWXVLQJ 'DXEHFKLHVZDYHOHWRIRUGHUZLWKWKHOHYHOIRUGHFRPSRVLWLRQ
DV7KHORJDULWKPRIYDULDQFHYHUVXVVFDOHLVVKRZQLQ)LJ EZKLFKKDVWXUQLQJSRLQWDWVFDOHWZR7KHH[WUDFWHG
PXOWLVFDOHVORSHIHDWXUHV XVHGWRREWDLQWKHVFDWWHUSORWV LVVKRZQLQ)LJ E
)LJ 3ORWRIORJYDULDQFHYHUVXVVFDOHIRUDJHDUE\':7EEHDULQJE\':7WKHLQWHUVHFWLRQRIWZROLQHVLQGLFDWHVWKHWXUQLQJSRLQWDW
UHVSHFWLYHVFDOH
)LJ 6FDWWHUSORWRIPXOWLVFDOHVORSHIHDWXUHVRIJHDUREWDLQHGXVLQJ':7IRUDORZORDGEKLJKORDGEOXHµ¶LVIRUVSXUDQGUHGµR¶LV
VSXU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)LJ6FDWWHUSORWRIPXOWLVFDOH VORSHIHDWXUHVRIEHDULQJREWDLQHGDXVLQJ':7EXVLQJ:37
)LJ 3ORWRIORJYDULDQFHYHUVXVVFDOHIRUDJHDUE\:37EEHDULQJE\:37WKHLQWHUVHFWLRQRIWZROLQHVLQGLFDWHVWKHWXUQLQJSRLQWDW
UHVSHFWLYHVFDOH
)LJ 6FDWWHUSORWRIPXOWLVFDOHVORSHIHDWXUHVRIJHDUREWDLQHG XVLQJ:37IRUDORZORDGEKLJKORDGEOXHµ¶LVIRUVSXUDQGUHGµR¶LVVSXU
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 'LVFXVVLRQ
)URP WKH VFDWWHU SORWV LW LV HYLGHQW WKDW WKH PXOWLVFDOH VORSH IHDWXUHV REWDLQHG XVLQJ':7 KDYH EHHQ DEOH WR
FRQVLGHUDEO\ GLIIHUHQWLDWHEHWZHHQGLIIHUHQWFRQGLWLRQVRIJHDUDQGEHDULQJ%XW WKHIHDWXUHV REWDLQHG XVLQJ :37 DUH
PRUHFOHDULQGLIIHUHQWLDWLQJ EHWZHHQGLIIHUHQWFRQGLWLRQVRIJHDUDQGEHDULQJ
)XUWKHU WKHPXOWLVFDOHVORSHIHDWXUHV KDYHEHHQ XVHGIRUGLIIHUHQWLDWLQJ K\EULG IDXOWFRQGLWLRQV RI JHDUDQGEHDULQJ
FRQGLWLRQVDWGLIIHUHQWORDGVDQGVSHHGV7KH K\EULG GDWDRIJHDUDQGEHDULQJ FRQVLVWHGRIDOOWKHIRXU1,525%
FRQGLWLRQVRIEHDULQJDWPD[LPXPVSHHGDQGORDG DQG JRRGDQGGHIHFWLYHFRQGLWLRQVRIJHDUDW+]VSHHGDQGKLJK
ORDG$V GHVFULEHG LQ 7DEOH  )LJDVKRZV WKH K\EULG VFDWWHU SORW RI PXOWLVFDOH VORSH IHDWXUHV H[WUDFWHG XVLQJ
':7DQG)LJEVKRZVWKHVFDWWHUSORWXVLQJ:37:37KDVEHHQYHU\FOHDULQGLVWLQJXLVKLQJ DOOWKHIRXUFRQGLWLRQV
RI EHDULQJ DQG WZR FRQGLWLRQV RI JHDU HVWDEOLVKLQJ WKH HIIHFWLYHQHVV RI PXOWLVFDOH VORSH IHDWXUH H[WUDFWLRQ
WHFKQLTXH7KH UHDVRQ EHLQJ RQO\ GHWDLO FRHIILFLHQWV REWDLQHG IURP GHFRPSRVLWLRQ DUH XVHG LQ WKLV WHFKQLTXH7KH
GHWDLO FRHIILFLHQWVRI:37FRYHUVPRUHIUHTXHQF\UDQJHVWKDQ WKDW FRYHUHGE\ WKH GHWDLO FRHIILFLHQWVRI':7DQG
WKXVWKHIHDWXUHVRI':7ZLOOEH PLVVLQJVRPHRIWKHIUHTXHQF\ UDQJHV ZKLFKPD\ KDYHVRPH LPSRUWDQWLQIRUPDWLRQ
DERXWWKH IDXOW FRQGLWLRQRIWKHPDFKLQH HOHPHQWV
7KHUHLVIX]]LQHVVEHWZHHQIHDWXUHVRIGLIIHUHQW IDXOWVWDWHV PHQWLRQHGLQ7DEOHIRU LQFUHDVLQJVSHHGDWORZORDG
LQ':77KHIX]]LQHVVRFFXUVZKHQWKH IHDWXUHVKDYHVLPLODUYDOXHVIRURQHRUPRUHIDXOWVWDWHV7KH IHDWXUH YDOXHV
ZLOO EH WKH VDPH ZKHQ WKH ORJDULWKP YDULDQFH DW DOO VFDOHV DUH DOPRVW VDPH7KLV LV EHFDXVH WXUQLQJ SRLQW
FRUUHVSRQGLQJ WR PD[LPXP ORJDULWKP YDULDQFH YDOXH LV DOPRVW WKH VDPH DV RWKHU ORJDULWKP YDULDQFH YDOXHV7KH
HQHUJ\ OHYHOV LQ GHWDLO FRHIILFLHQWV GLIIHU DV IDXOW VWDWHV GLIIHU%XWLQ FDVH RI ORZ ORDG DQG KLJK VSHHG WKHUH LV QR
PXFKGLIIHUHQFH LQ WKHHQHUJ\ OHYHOVRIGHWDLOFRHIILFLHQWV IRU GLIIHUHQW IDXOW FRQGLWLRQV7KLV LQGLFDWHV WKDWDW ORZ
ORDG DQG KLJK VSHHG WKH FDSWXUHG YLEUDWLRQ VLJQDOV DUH QRW YHU\ HIIHFWLYH LQ GLIIHUHQWLDWLQJ WKHGLIIHUHQW IDXOW
FRQGLWLRQV RIWKHPDFKLQHHOHPHQWV ZKHQFRPSDUHGWRWKHYLEUDWLRQVLJQDOVDFTXLUHGDWKLJKORDG
)LJ6FDWWHUSORWRIPXOWLVFDOH VORSHIHDWXUHVIRUK\EULGIDXOWFODVVLILFDWLRQDXVLQJ':7EXVLQJ:37
 &RQFOXVLRQ
7KHVFDWWHUSORWVREWDLQHGE\PXOWLVFDOH VORSH IHDWXUHVXVLQJERWK':7DQG:37 KDYHEHHQDEOHWRGLIIHUHQWLDWH
GLIIHUHQW FRQGLWLRQVRI JHDUDQGEHDULQJLQGLYLGXDOO\ DQG FRPELQHGFRQGLWLRQRI JHDUDQGEHDULQJ7KHVFDWWHUSORWV
REWDLQHG E\ IHDWXUHV XVLQJ :37 JLYHV EHWWHU GLVWLQFWLRQ EHWZHHQ GLIIHUHQW FRQGLWLRQV RI JHDU DQG EHDULQJ
LQGLYLGXDOO\ DQG IRU K\EULG GDWD WKDQ WKDW RI IHDWXUHV REWDLQHG XVLQJ ':7 7KLV WHFKQLTXH KDV EHHQ DEOH WR
GLIIHUHQWLDWH EHWZHHQ WKH K\EULGIDXOW FRQGLWLRQV LUUHVSHFWLYH RI WKH DFTXLVLWLRQ RI GDWD IURP WZR GLIIHUHQW WHVW
ULJV7KXVPXOWLVFDOHVORSHIHDWXUHH[WUDFWLRQWHFKQLTXHFDQEHXVHGIRUHIIHFWLYHIDXOWGLDJQRVLVRIJHDUDQGEHDULQJV
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$VD IXWXUHGLUHFWLRQRI WKLVZRUN WKHTXDOLW\RI WKHH[WUDFWHG IHDWXUHV FDQEH IXUWKHU HYDOXDWHGXVLQJ GLIIHUHQW
FODVVLILHUV OLNH$11 %\XVLQJDPRUH HIIHFWLYHGHQRLVLQJ WHFKQLTXHWKHHIILFLHQF\RI WKLVPXOWLVFDOHVORSHIHDWXUH
H[WUDFWLRQWHFKQLTXHFDQEHIXUWKHULPSURYHG
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